A 3D extinction map of the northern Galactic plane based on IPHAS photometry by Sale, SE et al.
MNRAS 443, 2907–2922 (2014) doi:10.1093/mnras/stu1090
A 3D extinction map of the northern Galactic plane based on
IPHAS photometry
S. E. Sale,1‹ J. E. Drew,2 G. Barentsen,2 H. J. Farnhill,2 R. Raddi,3 M. J. Barlow,4
J. Eislo¨ffel,5 J. S. Vink,6 P. Rodrı´guez-Gil7,8 and N. J. Wright2
1Rudolf Peierls Centre for Theoretical Physics, Keble Road, Oxford OX1 3NP, UK
2School of Physics, Astronomy & Mathematics, University of Hertfordshire, College Lane, Hatfield, Hertfordshire AL10 9AB, UK
3Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK
4University College London, Department of Physics & Astronomy, Gower Street, London WC1E 6BT, UK
5Thu¨ringer Landessternwarte, Sternwarte 5, D-07778 Tautenburg, Germany
6Armagh Observatory, College Hill, Armagh, Northern Ireland BT61 9DG, UK
7Instituto de Astrofı´sica de Canarias, Vı´a La´ctea, s/n, La Laguna, E-38205, Santa Cruz de Tenerife, Spain
8Departamento de Astrofı´sica, Universidad de La Laguna, La Laguna E-38204, Santa Cruz de Tenerife, Spain
Accepted 2014 May 29. Received 2014 May 29; in original form 2014 April 19
ABSTRACT
We present a 3D map of extinction in the northern Galactic plane derived using photom-
etry from the INT/WFC Photometric Hα Survey of the northern Galactic plane. The map
has fine angular (∼10 arcmin) and distance (100 pc) sampling allied to a significant depth
(5 kpc). We construct the map using a method based on a hierarchical Bayesian model
described in a previous article by Sale. In addition to mean extinction, we also measure
differential extinction, which arises from the fractal nature of the interstellar medium, and
show that it will be the dominant source of uncertainty in estimates of extinction to some
arbitrary position. The method applied also furnishes us with photometric estimates of the
distance, extinction, effective temperature, surface gravity, and mass for ∼38 million stars.
Both the extinction map and the catalogue of stellar parameters are made publicly available
via http://www.iphas.org/extinction.
Key words: surveys – stars: fundamental parameters – dust, extinction – ISM: structure.
1 IN T RO D U C T I O N
Dust is a significant component of the plane of the Milky Way,
essential to the cycling of matter between successive generations
of stars, while also posing an observational challenge through the
progressive extinction of starlight. Both stars and interstellar dust
follow their own distributions within the disc of the Galaxy – dis-
tributions that we wish to establish to some accuracy in order to un-
derstand how the Galaxy has been built and will evolve. The major
concentration of Galactic dust is within 100 pc or so of the Galactic
plane (Marshall et al. 2006), along with the majority of stars (Juric´
et al. 2008). So far, we have only a poor grasp of how extinction
builds up as a function of distance away from the Sun, even if there
has been good progress at far-IR wavelengths in determining total
dust columns according to sightline (Schlegel, Finkbeiner & Davis
1998; Planck Collaboration 2013).
Mapping extinction in three dimensions both removes a nuisance
factor for astrophysical studies and enables the determination of the
dust distribution within the Galactic disc and the physical processes
 E-mail: stuart.sale@physics.ox.ac.uk
shaping it. Observations of the gas phases of the interstellar medium
(ISM) and dust in continuous emission necessarily integrate over
the entire column out to the ‘edge’ of the Galaxy – unsupported,
such data cannot directly map 3D structures. In significant contrast,
extinction only depends on the dust column between us and the very
many observed stars, which appear at a range of distances. Accord-
ingly, the systematic measurement of extinction to a large number
of stars can offer an unusually direct route to the 3D structure of the
ISM. Our location within the Galaxy means that we can study its
ISM in far greater detail than that of any other galaxy. The knowl-
edge we gain from studying our own Galaxy can subsequently be
applied to others.
The history of extinction mapping extends back to Trumpler
(1930). More recently, Neckel & Klare (1980) used observations
of 11 000 stars to map extinction near the Galactic plane, whilst
Arenou, Grenon & Gomez (1992) used the INCA data base of
215 000 stars to constrain a 3D model of extinction. The recent
growth in survey astronomy and the resulting explosion in the vol-
ume of available data has facilitated extinction mapping, enabling
significant improvements in depth, precision and accuracy. Marshall
et al. (2006) used 2MASS observations of red giant stars to map
extinction in the inner Galaxy. Majewski, Zasowski & Nidever
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2908 S. E. Sale et al.
(2011) paired 2MASS and GLIMPSE data, whilst Berry et al. (2012)
used SDSS in conjunction with 2MASS. Vergely et al. (2010) and
Lallement et al. (2014) have applied geophysical techniques from
Tarantola & Valette (1982) to map the local ISM. Sale (2012)
presented a method for mapping extinction using a hierarchical
Bayesian model, simultaneously estimating the distance extinction
relationship and the properties of the stars along the line of sight.
Subsequently, Green et al. (2014) have proposed a similar method.
The INT/WFC Photometric Hα Survey of the northern Galactic
plane (IPHAS; Drew et al. 2005) is the first comprehensive digital
survey of the northern Galactic disc (|b| ≤ 5◦), covering a Galac-
tic longitude range of 30◦  l  215◦. Imaging is performed in
the r, i and Hα bands down to r ∼ 20. As demonstrated by Sale
(2012), the IPHAS photometric system is unusually well suited to
breaking the degeneracy between extinction and effective tempera-
ture: the (r − Hα) colour is effectively a proxy for Hα equivalent
width, and thus effective temperature, and is less heavily influenced
by extinction.
An initial public data release of IPHAS data obtained before the
end of 2005 was previously made available (Gonza´lez-Solares et al.
2008). Since then, the entire survey area has been observed at least
once, leaving only 8 per cent of the footprint still wanting survey-
standard photometry. Furthermore, a global photometric calibration
of all IPHAS data has recently been completed. A second data re-
lease (IPHAS DR2) containing both the additional data and the new
global photometric calibration of understood precision is described
by Barentsen et al. (2014). Sale et al. (2009) demonstrated that
attempting to map extinction using inconsistently calibrated data
would inevitably lead to results exhibiting erratic biases. However,
now that a global photometric calibration is in hand it is possible to
utilize the IPHAS DR2 catalogue to map 3D extinction across the
entire northern Galactic plane at high angular resolution for the first
time. The aim of this paper is to apply the method of Sale (2012) to
achieve this mapping.
The organization of this paper is as follows. Section 2 summarizes
the method employed, concentrating on departures from Sale (2012)
and details particularly relevant to the large-scale implementation
we perform here. In Section 3, we present the 3D extinction map
alongside examples of derived stellar parameters. We then compare
our extinction map to those of Marshall et al. (2006) and Schlegel
et al. (1998), before closing with a discussion of the map produced
here and future work.
2 M E T H O D
Sale (2012) proposed a method for simultaneously mapping ex-
tinction and determining stellar parameters using a hierarchical
Bayesian model. The Markov chain Monte Carlo (MCMC) based
algorithm, called H-MEAD (for hierarchically mapping extinction
against distance), simultaneously estimates the distance–extinction
relationship along a line of sight and the properties of the stars sam-
pled. The first step in this is to define an angular resolution element
– an area on the sky for which we wish to find a distance–extinction
relationship. Then, for each angular resolution element, we create
a series of voxels1 by dividing the conical volume projected on to
each 2D angular resolution element into distance slices, each 100 pc
in depth. We then employ IPHAS photometry of stars within the
angular resolution element as the means to estimate the distance–
extinction relationship as well as the characteristics of the stars.
1 A voxel is conventionally a volume pixel.
Dust in the ISM is shaped by turbulent flows, that form fractal
structures within the ISM across a range of scales from kpc to
∼100 km (Spangler & Gwinn 1990; Chepurnov & Lazarian 2010).
This gives rise to differential extinction: since the dust density is
likely to vary on very small scales – even within an already small
but finite angular element – extinction to a given distance (or voxel)
will take a range of values. The treatment of Sale (2012) includes
differential extinction in the statistical model, accounting for its
influence on observations and enabling it to be measured for the
first time. This is a key advance relative to many other extinction
mapping techniques, such as those of Marshall et al. (2006) and
Green et al. (2014).
Formally, H-MEAD estimates the posterior distribution
P (x, ¯A| y˜) ∝ P ( y˜|x)P (x| ¯A)P ( ¯A), (1)
where x represents the properties of the stars within the an-
gular resolution element, including distance, extinction, stellar
effective temperature, surface gravity and metallicity. ¯A is the
distance–extinction relationship, where the extinction to a given
voxel at a given distance is described by a lognormal distribution,
parametrized by a mean extinction and a standard deviation. As a
shorthand we will refer to the standard deviation of the extinction
to a given voxel as the differential extinction. Finally y˜ represents
the observations we have – in this case photometry from the IPHAS
DR2 catalogue. Therefore, we are attempting to find the posterior
probability distribution of the stellar properties and the extinction–
distance relationship consistent with the IPHAS DR2 catalogue.
By repeating this analysis for many angular resolution elements we
acquire a large 3D map of extinction.
The relationship between y˜ and x is dependent on a set of
isochrones, we employ those of Bressan et al. (2012), and an extinc-
tion law, in this case the RV = 3.1 law of Fitzpatrick & Massa (2007).
P (x| ¯A) includes priors on the distance, age, mass and metallicity
of stars. These arise from an assumed stellar density, star forma-
tion history, initial mass function and a probabilistic dependence
of metallicity on Galactocentric radius. The priors are described in
more detail in Sale (2012). We note here that they are conservative
and not overly constraining (e.g. they include a constant star for-
mation rate over the history of the disc, plausible scalelengths and
heights). In general, the only constraint given by P ( ¯A) is that mean
extinction should increase with respect to distance – although, as
discussed in Section 2.2, for the most distant voxels it is necessary
to impose an additional constraint.
2.1 Angular resolution
The area density of stars varies substantially across the IPHAS
survey area due to variations in the 3D distribution of both dust
and stars. Typically, the angular distribution of stars is at its densest
at lower Galactic longitudes (i.e. nearer the Galactic Centre) and a
few degrees removed from the Galactic plane. In this inner Galactic
region the 3D stellar density is high, whilst the dust, having a shorter
scaleheight than the stars, obscures many stars near the mid-plane.
The observed stellar density is lowest either near the anticentre or
in regions of very strong extinction.
There is no clear and absolute standard by which we should set
the angular resolution of our map. There exists a tension between
finer resolutions which capture the fractal ISM in better detail and a
coarser map which will reach a somewhat greater extinction depth
and is more robust against the inclusion of poor data. This bal-
ance clearly shifts between regions of high stellar column density,
where finer resolutions are more feasible, and less densely populated
MNRAS 443, 2907–2922 (2014)
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A 3D extinction map of the NGP 2909
regions, where we have to opt for lower resolutions. Consequently,
in this paper we adopt a variable resolution. Specifically, we set the
resolution by ensuring that each angular resolution element contains
at least 200 stars that satisfy the colour cuts we impose. We further
opt for angular resolution elements that are square, with a side of
5, 10, 15, 30 or 60 arcmin. By applying these criteria we arrive
at a typical resolution of 10 arcmin. The resultant map of angular
resolution is displayed in Fig. 1.
2.2 Treatment of distant voxels
In each voxel beyond the most distant star within a given angular
resolution element the dust-density MCMC chain is unconstrained
by the data. Consequently, it is possible for the estimated extinction
to rise sharply at such distances. This both impedes mixing in the
MCMC chain and is clearly unphysical. Therefore, in Sale (2012) a
prior was applied to the mean distance–extinction relationship that
the dust density should follow the distribution of an axisymmetric
thin disc, with a scalelength of 2.5 kpc and a scaleheight of 125 pc,
following Marshall et al. (2006). This prior constrains extinction
at distances beyond the most distant observed star, preventing the
unwanted unconstrained growth. However, this prior also acts to
remove non-axisymmetric features from the resultant extinction
map, which is clearly undesirable as such features could be genuine
and include, for example, spiral arms.
There exists a logical solution to this quandary: apply the prior
only to more distant voxels where there is little or no relevant data.
In order to do this, in each iteration of the MCMC algorithm, the
distribution of the distances to the stars is determined. Then the
prior described above is applied only to those voxels beyond the
90th percentile of this distribution. As the distance of the 90th
percentile will change between iterations, the prior is normalized
by the number of voxels affected.
2.3 Survey selection function and data employed
IPHAS, like any other survey of the Galaxy, obtains observations of
only an incomplete sample of stars within its field of view. More-
over, the sample obtained is not representative of all stars, as the
catalogue is limited only to observations of stars falling between
certain bright and faint magnitude limits. As discussed in Sale et al.
(2009) and Sale (2012), this selection effect can produce a clear
bias on extinction maps: stars subject to less extinction are brighter
and thus more likely to be included in the catalogue. If not ac-
counted for, this effect would bias extinction maps to lower values
of extinction than the true extent. Sale (2012) briefly discussed how
this could be dealt with. This discussion is expanded and gener-
alized by Sale (in preparation), following a prescription given by
Loredo (2004). In broad terms, the idea is to marginalize over the
unknown total number of stars enclosed within the angular reso-
lution element: the relationship between this true number and the
number of stars in the catalogue must depend on the locally relevant
distance–extinction relationship. In particular, we apply a gamma
distribution prior on the total number of stars along a line of sight,
assuming a local stellar density of 0.04 M pc−3 (Jahreiß & Wielen
1997). This is motivated by the realization that the appearance of
stars within our catalogue is essentially a Poisson process. In this
circumstance the gamma distribution, as the conjugate prior, be-
comes the natural choice to describe the total number of stars. The
assumed local stellar density only affects the estimated distance–
extinction relationship very weakly – it has to be changed by more
Figure 1. The angular resolution of the extinction map.
MNRAS 443, 2907–2922 (2014)
 at K
eele U
niversity on D
ecem
ber 12, 2016
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
 
2910 S. E. Sale et al.
than a factor of 10 to produce a discernible alteration of the inferred
distance–extinction relation.
The IPHAS DR2 catalogue contains observations of stars of all
stellar types. However, as noted by Sale et al. (2009), current stellar
atmosphere models are unable to satisfactorily describe later K and
M type stars. Consequently, as in Sale et al. (2009), we apply a
colour cut that removes stars with colours typical of K5V or later
types and a second which removes objects demonstrating significant
Hα emission. This is a simple and robust approach, although we
note that Green et al. (2014) demonstrate an alternative method
which relies on estimating the Bayesian evidence for each star.
There are also, contained in the IPHAS DR2 catalogue, observa-
tions of extended objects as well as objects which appear to be noisy
artefacts. We ignore these objects and only employ those which have
been classified as being both reliable and stellar sources (Barentsen
et al. 2014). The good consequence of only using data classified
as reliable is that very faint (r  21), potentially problematic stars
are removed from the catalogue. The final catalogue employed here
contains 38 092 694 stars – approximately 44 per cent of those
flagged as reliable in the IPHAS DR2 catalogue – with most of the
loss attributable to the colour cuts employed.
There are a number of gaps in the spatial coverage of the IPHAS
DR2 catalogue, where only substandard data are currently avail-
able. In these regions the angular resolution of our extinction map
is automatically degraded so that there are no angular resolution
elements that contain no stars. As a result, the larger angular reso-
lution elements are often those that ‘bridge’ the gaps in the spatial
coverage offered by the IPHAS DR2 catalogue. Indeed much of the
striped structure visible in Fig. 1, particularly near the anticentre,
reflects the distribution of missing fields in the catalogue.
2.4 Parametrization of extinction
As in Bailer-Jones (2011) and Sale (2012) we parametrize extinc-
tion using A0, the monochromatic extinction at 5495 Å, following
Cardelli, Clayton & Mathis (1989). This is because broad-band
measurements of extinction or reddening, such as AV, E(B − V) or
AK, are a function of both the dust column between us and the star
and the star’s spectral energy distribution. In contrast, monochro-
matic measures such as A0 have the important characteristic that
they depend only on the properties of the dust column.
2.5 MCMC scheme
We employ an MCMC algorithm to produce samples from the
posterior given by equation (1), from which we can estimate the
stellar parameters and extinction–distance relationship. Sale (2012)
used a ‘Metropolis within Gibbs’ (MwG) sampler (Tierney 1994),
which, in each iteration, first attempts to alter the distance extinction
relationship, before then altering the properties for each star in turn.
In order to use MwG it is necessary to tune the proposal distributions
to obtain good sampling. In Sale (2012) it was possible to do this
by hand since only a few data sets were studied. However, when
mapping on a large scale, it is clearly not feasible to set all the
proposal distributions manually. Therefore, we employ instead an
adaptive MwG sampler (Roberts & Rosenthal 2009), adjusting the
parameters in blocks: those for the distance–extinction relationship
in one block and a block for each star. As the parameters are adjusted
in blocks, the desired acceptance ratios are lower than if they were
adjusted one by one (Roberts & Rosenthal 2001).
In Sale (2012) simulated data were produced on which H-MEAD
was tested. In doing so the validity of this method was demonstrated
and the relative power of the IPHAS data made clear.
3 TH E E X T I N C T I O N MA P
We applied H-MEAD to the IPHAS DR2 catalogue, subject to
the conditions set down in Section 2.3, obtaining samples from
the full posterior distribution given by equation (1). In what fol-
lows, we will plot the mean of the posterior distribution of extinc-
tion to each voxel, whilst the quoted uncertainties on extinction
are the half-width of a 68.3 per cent credible interval centred on
the mean.
As discussed in Section 2, we apply a prior to the most dis-
tant voxels – those beyond almost all the stars in the IPHAS DR2
catalogue. In a similar vein, we estimate the reliable depth of our
extinction map by considering the distribution of the posterior ex-
pected distances of the stars within each resolution element. We opt
to define the maximum reliable depth of the map as the 90th per-
centile of this distribution, in line with where the prior takes effect
that prevents unphysical behaviour at the largest distances. The map
of these depths is plotted in Fig. 2 – in the figures that follow we
only plot extinction at distances within them.
Fig. 2 shows the maximum reliable depth to be 5–6 kpc typically,
rising to 9–10 kpc off the mid-plane at longitudes70◦. Outside the
solar circle the depth of the extinction map is more strongly limited
by the extent of the Galactic stellar disc. There are also a number
of systematic features which appear as striations of the depth map
and are most easily seen near the Galactic anticentre. These are a
result of the observing strategy, which often led sequences of field
acquisition and exposure at constant right ascension. Hence fields
observed on a night when the sky transparency and consequent
faint magnitude limit were lower can appear as a strip of relatively
shallow depth.
Figs 3 and 4 show 2D slices of the extinction map taken at 1 kpc
intervals, plotting extinction from the Sun to given distance. These
maps clearly show both the expected large-scale distribution of
extinction, which is generally stronger at lower latitudes and nearer
the Galactic Centre, and the fractal nature of the ISM. There are a
number of specific features visible in the map, for example at 1 kpc,
the impact of the Aquila Rift is clearly visible at positive latitudes at
l< 40◦, consistent with Lallement et al. (2014). Meanwhile, by 2 kpc
the Cygnus Rift at l ∼ 80 has become a clear feature, continuing
to strengthen to 3 kpc. The region of extinction corresponding to
the star-forming belt in the Perseus Arm, including W3 at (l, b) ∼
(134◦, 1◦), can be seen to be a much patchier structure with a notable
accumulation between 1 and 2 kpc at l ∼ 140◦. The Rosette nebula
at (l, b) ∼ (206◦, −2◦) is another clear feature, appearing between
1 and 2 kpc, as in Schlafly et al. (2014a).
Marshall et al. (2006) previously noted that the distribution of
dust is warped, an effect also visible in the map of Schlegel et al.
(1998). This warp is clearly visible in Figs 3 and 4, with the most
prominent extinction in the longitude range 90◦ ≤ l < 150◦ being
displaced to positive latitudes.
In Appendix B, we show maps of the relative uncertainty on the
mean extinction. Typically, the proportional uncertainty in measured
mean extinction is on the order of a few per cent. Uncertainties are
generally largest within the first kiloparsec, where the number of
stars in the catalogue is limited by the IPHAS bright magnitude
limit of r ∼ 13.
In Fig. 5, we show a slice at b = 0 through the map of extinction
pseudo-density, or the derivative of the extinction map with respect
MNRAS 443, 2907–2922 (2014)
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A 3D extinction map of the NGP 2911
Figure 2. The distance to the 90th percentile of the distribution of expected
distances.
to distance. This pseudo-density is expected to be proportional to
the density of the absorbing dust. We have degraded the resolution
of this map to 0.◦25 in l and 500 pc in distance to enable a more
direct comparison to be made to fig. 9 of Marshall et al. (2006).
This map shows a small number of overdensities which appear
to be consistent with the expected position of the Perseus spiral
arm as given by Valle´e (2013) and Reid et al. (2014). A slice at
b ∼ 2 would show others (see Fig. 3). There are also a number
of overdensities, including the outer Cygnus Rift, which straddle
the local arm between l ∼ 70◦ and l ∼ 80◦, which appears in Reid
et al. (2014) but not in Valle´e (2013). However, in addition there
are a number of clearly non-physical features, mostly manifested as
discontinuities in the azimuthal direction (‘fingers of god’). These
are allied to the strong correlation in measured extinction that exists
radially, but not azimuthally, between voxels. Their presence can
make it difficult to identify real features in the distribution of dust.
However, we emphasize that these effects are less severe when
considering extinction rather than pseudo-density: extinction is a
cumulative measure and therefore uncertainties are proportionally
smaller. We return to this theme in Section 5.
Figs 6 and 7 show the ratio of differential to mean extinction.
As well as being a nuisance factor, differential extinction is also
physically interesting: its extent is thought to be related to the Mach
number in the ISM (e.g. Padoan, Jones & Nordlund 1997). As would
be expected from theory (e.g. Lazarian & Pogosyan 2000; Fischera
& Dopita 2004) and as a consequence of the outer scale of ISM
turbulence being short relative to the length of our sightline, we find
that the ratio of differential to mean extinction drops with increasing
distance. We also find that the strength of differential extinction is
significantly greater than the uncertainties on the mean extinction.
Therefore, although we can state the value of mean extinction within
each voxel of the extinction map to high precision, we are unable to
give an estimate of the extinction to a particular position within the
voxel as precisely. This has significant impact in applications such
as the use of distance–extinction relationships to estimate a distance
to an object of known extinction: indeed, in these applications the
uncertainty will be dominated by differential extinction.
We also note that the measured differential extinctions depend
on the size of the angular resolution element. As dust density is
correlated over distances up to ∼100 pc, it follows that measured
extinctions for two given directions will also be correlated, with
the correlation dropping with increasing angular separation. As
a result differential extinction will be greater when the angular
resolution element is larger. Accordingly, we must stress that the
measured differential extinctions are specific to the gridding of
angular resolution elements employed here.
In Appendix A, we describe the form the extinction map takes
and identify where it may be accessed. In addition, we also pro-
vide estimated stellar parameters for the 38 092 694 stars in the
IPHAS DR2 catalogue which satisfy the requirements given in
Section 2.3. How these are made available is also presented in Ap-
pendix A. In Fig. 8, we plot the effective temperatures and surface
gravities for stars in one particular resolution element. In addi-
tion to the main sequence, the red clump and the red giant branch
are both clearly visible. This plot also demonstrates the effect of
applying a colour cut to the data: there are almost no stars with
estimated effective temperatures below 4600 K, which is roughly
the effective temperature of a K4V star. The uncertainties on the
measured effective temperatures and surface gravities vary, but are
typically∼500 K and∼0.25, respectively, for stars apparently on the
main sequence.
MNRAS 443, 2907–2922 (2014)
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2912 S. E. Sale et al.
Figure 3. Slices through the 3D cumulative extinction map at heliocentric distances of 1, 2 and 3 kpc. The extinctions plotted are from the Sun to the distance
of the plane.
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A 3D extinction map of the NGP 2913
Figure 4. Slices through the 3D cumulative extinction map at heliocentric distances of 4, 5 and 6 kpc. As in Fig. 3, we plot extinction from the Sun to the
distance of the plane. The white regions are those where we are beyond the maximum reliable distance for that angular resolution element.
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2914 S. E. Sale et al.
Figure 5. A map of extinction at b = 0, after convolution with a uniform kernel to reduce the resolution to 0.◦25 in l and 500 pc in distance, so as to roughly
match the resolution of fig. 9 of Marshall et al. (2006). The sun lies at the plot’s origin with the Galactic Centre off the bottom of the plot. The dashed lines
denote the position of the Sagittarius, local and Perseus spiral arms given by Reid et al. (2014), whilst the dot–dashed lines correspond to the Sagittarius and
Perseus arms of Valle´e (2013). Note the non-physical ‘fingers of God’ – discontinuities in the azimuthal direction.
4 C OMPARISON TO EXISTING
E X T I N C T I O N M A P S
We compare our extinction map to the largest and most recent
3D extinction map available – that of Marshall et al. (2006). The
two maps span different regions of the sky, but do overlap in the
Galactic longitude range 30◦ ≤ l < 100◦. The angular resolution of
Marshall et al. (2006) is 15 arcmin, enabling a direct comparison
to our map which operates on a similar resolution. However, their
distance resolution is irregular and so in making a comparison we
employ linear interpolation between the points in their map. In
Fig. 9, we show histograms of the ratio of the two maps at three
different distances. For most directions, the closest point in the
extinction map of Marshall et al. (2006) is found beyond 1 kpc,
nor do we expect great relative precision at these shorter distances
in our map either. It is for these reasons we start the comparison
at 2 kpc.
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A 3D extinction map of the NGP 2915
Figure 6. Slices through the 3D map of the ratio of differential extinction to mean extinction at heliocentric distances of 1, 2 and 3 kpc.
There are some significant variations in the A0/AKs ratio, which
should be around 10, for an RV = 3.1 extinction law (Cambre´sy
et al. 2002 use ∼9, while Fitzpatrick & Massa 2007, give 11). Some
of these variations may be real and arise in regions where the shape
of the extinction law is significantly non-typical. However, it has
long been accepted that Galactic reddening from ∼0.6 µm up to
the K band is not as variable as it can be at blue and ultraviolet
wavelengths (Cardelli et al. 1989; Fitzpatrick & Massa 2007; Stead
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2916 S. E. Sale et al.
Figure 7. Slices through the 3D map of the ratio of differential extinction to mean extinction at heliocentric distances 4, 5 and 6 kpc.
& Hoare 2009). If we continue to use RV to characterize reddening
law, variation of this parameter through a from 2.2 up to 5.5 implies
A0/AKs falling from 13.7 down to 8.5 (in the Fitzpatrick & Massa
2007 formulation). Hence it is likely that some of the differences
are due to the different methods of analysis employed here and in
Marshall et al. (2006). Critically, there is no provision for differential
extinction by Marshall et al. (2006), since their data are binned by
extinction rather than by distance. The exact impact this has on
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A 3D extinction map of the NGP 2917
Figure 8. A plot of posterior mean Teff and log g for a field centred on
(l, b) = (80.◦25, −0.◦25).
Figure 9. A histogram of the ratio between the A0 map produced here and
the AKs extinction map of Marshall et al. (2006) at heliocentric distances of,
from top to bottom 2, 3 and 4 kpc.
their results is unclear, although differential extinction must have left
some imprint on their data given that it is a significant and pervasive
feature of the ISM. A hint that this is an issue comes from the greater
spread in A0/AKs ratio at the nearest distance plotted in Fig. 9, where
we know that the differential extinction is the larger fraction of
the mean. It is also possible that the underpinning assumption by
Marshall et al. (2006) that red giants will follow a smooth e-folding
density distribution consistent with the Besancon Galaxy Model
may have helped create the tendency towards more structured (less
smooth) extinction–distance relations than are typical of our results.
In the method of Sale (2012) there is more freedom for the estimated
parameters to be more strongly driven by the observations.
Another possibly significant difference between the two treat-
ments is that the samples of stars used in them may be drawn from
somewhat different populations, subject to differing amounts of
extinction. The contrasting wavelength ranges and colour cuts em-
ployed mean that, particularly in the most extinguished regions, the
catalogue of 2MASS red giants employed by Marshall et al. (2006)
and the earlier-than-K4 IPHAS catalogue used here will be partly
distinct. The catalogue of Marshall et al. (2006) undoubtedly offers
better coverage of strong extinction at larger distances. However,
since there is some overlap between the two catalogues (both in-
clude clump giants), differences of method are certainly playing a
role. Nevertheless, Fig. 9 does show that at 3 and 4 kpc, where both
approaches are likely to be performing well, that the extinction ratio
clusters satisfactorily around 10 in accord with expectation.
The asymptotic extinction map of Schlegel et al. (1998) is widely
used in both Galactic and extragalactic applications, despite the
fact that there are a number of known problems with it (e.g. Arce
& Goodman 1999; Cambre´sy, Jarrett & Beichman 2005). In par-
ticular Schlegel et al. (1998) suggest that their map ‘should not be
trusted’ at |b| < 5◦, which contains the entire IPHAS survey area.
Nevertheless, we compare their map, after applying a rescaling of
0.86 following Schlafly et al. (2010) and assuming RV = 3.1, to the
extinction we estimate at the maximum reliable distance for each
angular resolution element (Fig. 10). The depth of our map is lim-
ited by the magnitude limits of the IPHAS survey and, in the outer
Galaxy and at high latitudes, by the volume density of stars. As a
result there are a number of regions of particularly high extinction
where we do not penetrate the entire dust column and thus the ex-
tinction we measure at our maximum reliable depth is significantly
less than the asymptotic value of Schlegel et al. (1998). We refer
to such regions as being ‘extinction limited’. There are also a num-
ber of point sources in the Schlegel et al. (1998) map caused by
objects exhibiting infrared emission that we do not mask out. How-
ever, across most of our map the maximum extinction we measure
is approximately equal to the asymptotic extinction measured by
Schlegel et al. (1998). Indicating that, in general, the depth of our
map extends beyond the vast majority of the Galactic dust.
Once we ignore the regions where our map is strongly extinction
limited the two maps display a remarkable and reassuring agree-
ment, particularly given that our map is entirely independent of
Schlegel et al. (1998). In Fig. 11, we show a histogram of the ratio
between the two maps. We find that the distribution of ratios strongly
peaked at unity, the expected ratio given the central wavelength of
the V filter is very near 5495 Å where we anchor our monochro-
matic extinctions. When we exclude the extinction limited region
where l < 100◦ and −2◦ ≤ b < 2◦ we find a median ratio of 1.003,
with 10th and 90th percentiles of 0.81 and 1.30, respectively. This
would appear to confirm that the correction of Schlafly et al. (2010),
despite being calculated on a different part of the sky, is broadly
valid at low Galactic latitudes.
However, there are also a number of regions where we appear
to observe stronger extinction than Schlegel et al. (1998). These
deviations from unity appear on spatial scales of a degree or more
and exhibit clear structure. This is larger than the sizes of our
angular resolution elements, which are treated independently of
each other, suggesting a physical origin for the deviations. Indeed,
several of these features correspond to regions surrounding well-
known H II regions, such as the Heart and Soul nebulae (IC 1805
and IC 1848) at (l, b) ∼ (135◦, 1◦), the Rosette nebula at (l, b) ∼
(206◦, −2◦), NGC 2174 at (l, b) ∼ (190◦, 0.◦5) and NGC 7822 at
(l, b) ∼ (118◦, 5◦). The dust temperature in these regions will be
relatively high. We deduce that this combines with the low angular
resolution (∼1◦) of the temperature map used by Schlegel et al.
(1998) to create underestimation of the dust column in adjacent
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Figure 10. The ratio between the estimated A0 at the maximum reliable
distance of our map and the asymptotic AV extinction map of Schlegel et al.
(1998) subject to the correction of Schlafly et al. (2010).
Figure 11. A histogram of the ratio between the estimated A0 at the maxi-
mum reliable distance of our map and the asymptotic AV extinction map of
Schlegel et al. (1998) subject to the correction of Schlafly et al. (2010). The
black histogram includes the entire survey area, whilst the red excludes the
region where l < 100◦ and −2◦ ≤ b < 2◦.
cool regions. This would create the evident association between H II
regions and locations where Amax0 /ASFDV is significantly greater than
unity. Schlafly et al. (2014b) observe similar features when they
compare their map of extinction to 4.5 kpc to Schlegel et al. (1998)
and infer the same cause.
A further structure visible in Fig. 10 is the apparent warp of the
extinction-limited region at l < 100◦. This could be the linked to
warp in the Galactic dust disc that exists beyond the maximum
depth of our map (cf. Levine, Blitz & Heiles 2006). In this region
our map has a depth of ∼5 kpc.
5 C LOSI NG DI SCUSSI ON
We have presented a new 3D extinction map of the northern Galactic
plane. The map is produced using the IPHAS DR2 catalogue, which
due to its filter set incorporating Hα is particularly well suited to the
task. Using these data we have been able to produce a map with fine
angular (typically 10 arcmin) and distance (100 pc) resolutions.
As well as the extinction map we also produce estimates
of the distance, extinction, effective temperature, surface grav-
ity, and mass for 38 092 694 stars. The maps and estimated
stellar parameters are both being made available online at
http://www.iphas.org/extinction.
In Fig. 5 there are a number of azimuthal discontinuities, or
‘fingers of God’. Similar features are also visible in fig. 9 of Marshall
et al. (2006). These features can only exist because both methods
treat different sightlines independently and are exaggerated by the
fact that measured extinction is strongly correlated between voxels
along a line of sight. However, we know that no part of the ISM exists
in isolation: dust density and thus extinction should be correlated
between nearby regions and it would be preferred that methods for
mapping extinction would account for this correlation.
We find that the main source of uncertainty in extinction to a
given position arises from differential extinction, rather than from
uncertainty in the mean extinction. This has its origins in the fractal
nature of the ISM. This is exacerbated by the way we bin the data:
stars which are only a few arcseconds apart on the sky are treated
in the same way as those which are further apart, but still lie in the
same resolution element. This treatment runs contrary to our phys-
ical intuition, that the extinction to closely separated stars should
be more tightly correlated than that to stars more distantly spread.
Sale & Magorrian (2014) present a method which overcomes
both of these shortcomings by fitting a Gaussian random field to
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log A, building in a physical model of interstellar turbulence. In this
way, the closest stars to a point most heavily affect the estimated
value of extinction, whilst those further afield – potentially several
degrees away – influence the estimated value of extinction to a lesser
extent. This development should lead to extinction maps without
unphysical discontinuities and permit more precise estimates of
extinction to individual objects.
The strength of the produced extinction map rests to a large
degree on the IPHAS data employed. The inclusion of the narrow-
band Hα filter essentially represents the cheapest conceivable spec-
troscopy: the combination of it with the r filter allows the Hα
equivalent width to be directly estimated, offering a level of de-
tail not usually accessed by broad-band photometry. A similar
facility was available before via Stro¨mgren uvbyHβ photometry.
However the clear advantages of Hα are the penetration of longer
sightlines made possible by its redder wavelength and its typically
stronger signature.
The extinction map we produce is sensitive to zero-point errors
in the data (Sale et al. 2009). The recently completed global photo-
metric calibration of IPHAS has enabled us to produce a reliable, in-
ternally consistent extinction map. The comparisons we have made
indicate the extinction map is astrophysically credible, which in
turn underwrites the quality of the IPHAS’ photometric calibration.
We can commend the use of the inferred extinction trends on spatial
scales ranging from ∼1 kpc up to 5–6 kpc for most sightlines (see
Fig. 2), noting that differential extinction moderates as a source of
uncertainty as distance rises. This spatial range complements that of
the map of Lallement et al. (2014), which provides good coverage
out to 1 kpc.
The method of Sale (2012), which we employ here, is not bound to
any particular photometric data set. Thus, it would be possible, in the
future, to combine IPHAS data with data from other surveys, such
as UKIDSS-GPS (Lucas et al. 2008) in the near-infrared or UVEX
(Groot et al. 2009), the ongoing blue counterpart to IPHAS. The
VST/OmegaCam Photometric Hα Survey of the southern Galactic
plane and bulge (VPHAS+; Drew et al. 2014), which commenced
in late 2011 December, is the southern partner of IPHAS, observing
the other half of the Galactic plane and the bulge. VPHAS+ also
employs the r, i and Hα filters, along with the u and g filters. As
the VPHAS+ filter set mirrors the IPHAS/UVEX filter set and the
surveys share essentially the same strategy, it should be straightfor-
ward, in due course, to apply refinements to the current method to
all three surveys combined in order to complete an extinction map
of the entire Galactic plane. Looking further into the future, opti-
cal and near-infrared photometry, including Hα, collected across a
range of ground-based surveys could be combined with Gaia par-
allaxes, as they become available, to produce much sharper, more
compelling 3D maps of Galactic extinction.
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Table A1. An extract from the catalogue of stellar parameters, where s represents the distance to the stars. The full catalogue is available online via
http://www.iphas.org/extinction.
Name l/◦ b/◦ s/ pc ds/ pc A0 dA0 log (Teff/K) d log (Teff/K) log g d log g M/M dM/M
IPHAS2 J190008.19−042400.0 30.000 06 −3.9367 4965 1481 1.60 0.25 3.782 0.033 4.41 0.15 1.02 0.16
IPHAS2 J190009.37−042408.9 30.000 09 −3.942 19 6149 2222 2.09 0.49 3.793 0.059 4.36 0.17 1.17 0.26
IPHAS2 J190018.64−042519.3 30.000 11 −3.985 36 4305 1086 1.45 0.22 3.767 0.029 4.43 0.12 1.03 0.14
IPHAS2 J190021.28−042539.2 30.000 14 −3.997 67 5800 1691 1.84 0.33 3.785 0.039 4.37 0.14 1.10 0.19
IPHAS2 J190015.86−042458.0 30.000 15 −3.972 39 3972 1282 1.36 0.21 3.763 0.029 4.38 0.17 1.03 0.14
IPHAS2 J190020.90−042535.5 30.000 34 −3.995 78 4573 1650 1.66 0.27 3.787 0.035 4.34 0.19 1.09 0.19
IPHAS2 J190006.36−042344.8 30.000 38 −3.928 8521 1791 2.75 0.32 3.725 0.041 3.40 0.21 1.32 0.21
IPHAS2 J190008.65−042402.1 30.000 42 −3.938 67 1024 224 1.10 0.18 3.722 0.024 4.55 0.09 0.85 0.07
IPHAS2 J190010.71−042416.5 30.000 74 −3.9481 1792 376 1.18 0.19 3.731 0.027 4.53 0.08 0.88 0.09
IPHAS2 J190016.67−042501.1 30.0009 −3.975 78 2771 1363 1.36 0.26 3.739 0.034 4.43 0.23 0.91 0.15
IPHAS2 J190004.32−042326.9 30.000 99 −3.9182 1828 824 1.17 0.17 3.746 0.025 4.35 0.25 0.99 0.13
A PPENDIX A :
A1 The extinction map
Both the 3D extinction map and the catalogue of stellar parameters
are available at http://www.iphas.org/extinction and will also be
made available via the CDS2.
The extinction map is presented in two forms. First, we pub-
lish the posterior expectations of mean extinction and differential
extinction for every voxel in the map. These expectations are ac-
companied by measurements of the half-widths of 68.3 per cent
credible intervals centred on the expectation for both mean extinc-
tion and differential extinction. In addition, we also make available
20 samples from the posterior distribution on the mean extinction.
For each angular resolution element the maximum reliable dis-
tance is also provided. Measurements of mean extinction and other
parameters for the voxels beyond the maximum reliable distance
are published, but for reference purposes only. These data points
depend very heavily on the assumed priors and are not so heavily
constrained by data in the IPHAS DR2 catalogue – consequently,
they should not be relied upon.
2 http://cds.u-strasbg.fr/
A2 Stellar parameters
Estimated stellar parameters for the 38 092 694 stars in the stud-
ied catalogue are also made available. In particular, we publish
estimates of the distance, extinction, effective temperature, surface
gravity, and mass for each of these stars. For each parameter we pro-
vide the mean and standard deviation of the corresponding marginal
posterior distribution. The coordinates of each star are also included
so as to facilitate cross-matching with the main IPHAS DR2 cata-
logue of Barentsen et al. (2014). An extract from this catalogue is
shown in Table A1.
By publishing only expectations and 1D standard deviations we
are passing on only a relatively crude depiction of the posterior prob-
ability distribution. Consequently, features such as multimodality
of the posterior and covariance between parameters will not be ap-
parent. Additionally, the calculation of the stellar parameters has
been subject to both a set of priors and a survey selection function,
both of which have heavily shaped the results obtained. Any further
analysis of these data will also be inevitably subject to these same
priors and selection function. In light of these factors, we caution the
reader that great care must be taken not to overinterpret or mistake
patterns which appear in this catalogue. These data are provided in
the spirit that they may be a useful resource for e.g. target selection
for spectroscopic programmes or for the interested reader to gain
insight into the origin of features in the extinction map.
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A P P E N D I X B : M A P S O F U N C E RTA I N T Y
Figure B1. Slices through the 3D map of relative uncertainty on mean extinction at heliocentric distances of 1, 2 and 3 kpc.
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Figure B2. Slices through the 3D map of relative uncertainty on mean extinction at heliocentric distances of 4, 5 and 6 kpc.
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